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technique  and  the  other  is  based  on  the  Krairers-Kronig  relation  to  find 
uhe  attenuation  from  measurement  of  the  dispersion.  The  new  techniques 
are  expected  to  be  especially  useful  for  measurements  in  highly  absorbent 
composite  specimens.  A  firm  basis  for  the  technique  has  been  established 
and  measurements  with  graphite-epoxy  specimens  are  described.  Good  agreement 
can  be  obtained  between  the  various  attenuation  measurement  techniques . 
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This  interim  scientific  report  summarizes  the  progress  male  in  the  sec¬ 
ond  year  of  the  research  pro.; oc t  dealing  wi  hh  eh e  ultrasonic  non- des true  tivc* 
testing  of  composite  materials.  This  was  to  be  the  final  year  of  the  proj¬ 
ect  as  originally  scheduled  (August  1,  1973  through  July  31,  1980);  however, 
the  original  contract  has  now  been  amended  to  continue  for  one  more  year, 
through  July  31,  1981. 

The  overall  objective  of  this  program  is  to  investigate  experimentally 
and  theoretically  the  dispersion  and  attenuation  of  ultrasonic  waves  in  vari¬ 
ous  composite  materials.  For  the  second  year,  the  research  has  focused  on: 

1)  Ultrasonic  measurement  of  dispersion  and  attenuation  in  unreinforced 
epoxy  resin  and  cross-plied  graphi te /epoxy . 

2)  a.  Development  and  implementation  of  new  techniques  for  frequency- 
dependent  ultrasonic  attenuation  measurements  in  composite  specimens. 

b.  Critical  comparison  between  the  various  techniques  for  measuring 
the  frequency-dependent  attenuation  in  composite  specimens. 

3)  Detection  of  deformation-induced  microstructure  changes  in  cross- 
plied  graphi te /epoxv  from  ultrasonic  dispersion  and  attenuation  measure¬ 
ments  . 

M  Mathematical  foundation  of  the  Kramers-Kronig  relation. 

Details  of  t;h»>se  investigations,  some  already  reported  in  the  form  of  journ¬ 
al  pa r>*rr. ,  are  described  in  the  next  four  sections. 

Research  personnel  supported  by  this  contract  in  the  second  year  included 
the  principal  investigator  (V7.  Sach.se,  1  month),  co-principal  investigator 
(Y.H.  Pan,  1  month),  and  the  following  associates  and  assistants: 

r-. 


Pose  :  to  c  t,  c  >  v  ‘i  1  as  o  o  c  I  a  t  *  \  ; : 

H .  Wo  a vo  r  ( 1 12  mo  n  t  i  i  s ) 

A.  Co  runnel u  (l  month) 

0  r  ad  unt o  A  a s i s t ant s : 

C.  Chanr  (l  month) 

C.  Chen  (l  month) 

D.  Kishoni  (l  month) 

G.C.  Ku  (2  months) 

II.  DISPERSION  AND  ATTENUATION  0?  ULTRASONIC  WAVES  IN  COMPOSITE  MATERIALS 

In  the  second  year,  the  ultrasonic  wave  dispersion  and  attenuation  meas¬ 
urements  have  been  made  principally  in  32-ply  0/90°  cross-plied  specimens 
of  graphite /epoxy  (AS3501-5).  The  specimens  were  typically  .17?  in.  (  .k-fO 
cm. )  thick.  While  this  restricted  the  testing  geometry  to  ultrasonic  meas¬ 
urements  normal  to  the  ply-layers,  this  is,  in  fact,  typically  how  structures 
fabricated  of  such  materials  are  inspected. 

1.  Measurements  of  Dispersion 

The  phase  and  group  velocities  were  measured  in  the  frequency  interval 
from  approximately  1  to  10  MHz  using  the  method  of  ultrasonic  phase  spectro¬ 
scopy,  a  technique  which  had  been  developed,  in  part,  under  earlier  A?0P? 
sponsor shin.  The  basis  of  technique  and  its  implementation  have  been  revert¬ 
ed  in  References  1  and  2  (see  footnotes)  and  in  the  Scientific  Honor t  of  1^7° . 
The  basic  formula  for  the  frequency  dependent  wave  number,  k(f),  of  the 
composite  is  determined  from  the  Fourier  phase  spectrum,  f ) ,  of  a  broad¬ 

band  ultrasonic  pulse  which  has  propagated  through  a  specimen  of  thickness 
£.  The  dispersion  is  given  by 


[1] 

[2] 


W.  Cachse  and  Y.H.  Pao,  J.  Appl.  Physics,  U£,  852-857  (1978). 

W.  Sachse,  C.S.  Tine  and  A.  Hetr.enway,  in  Composite  Materials: 
and  Denim,  ASTM  DTP  67l>,  cd.  S.'S'.  Tsai,  rp/ 
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wru'tv  o  Ls  :m  initial  Phase  and  i  is  a  time—  iej  nv  jon.:  tai*t * 

o  '  .  •  ’ 

both  are  known  in  a  particular  toe  tin:'  situation.  From  the  ii  cpcrc:  ;n  re¬ 
lation,  follow  the  phase  velocity,  c  =  2:rf/k(  f) ,  and  group  voice  1  ty  v{  f;  = 
2tt ( ;if/ dk)  . 

As  mentioned  in  last  year's  report,  the  dispersion  relation  for  various 
specimens  of  graph ite/epoxy  -  both  uni— iireotlonal  and  cross-plied  -  is  near¬ 
ly  linear.  The  additional  measurements  completed  in  the  second  year  are  in 
agreement  with  those  obtained  previously.  An  example  is  shown  in  Figures 
l(a)  -  (d).  It  is  noted  that  the  graphite  fiber  diameter  in  these  specimens 
is  approximately  15u  and  this  is  about  6  times  smaller  than  that  of  the  boron 
fibers  in  the  specimens  for  which  the  dispersion  was  extensive,  particular¬ 
ly  when  the  wave  propagation  direction  coincided  with  the  fiber  direction, 
as  reported  in  our  previous  publications  [l-2]. 

As  described  in  the  next  section,  the  frequency  dependent  phase  velocity 
of  a  material  is  required  in  both  of  the  new  broadband  attenuation  measurement 
techniques  developed  under  this  contract.  Algorithms  were  developed  for  a 
least-square  curve  fitting  of  the  measured  phase  velocity,  c(f),  in  any 
frequency  sub- interval  of  the  original  measured  data.  The  results  obtained 
from  thirteen  measurements  on  eight  granhi te/epoxy  specimens  are  shown  in 
figures  2(a)  -  (b).  The  coefficients  of  the  phase  velocity  polynomial  ob¬ 
tained  for  these  tests  are  in  Table  I.  These  results  show  the  reprodueeabil - 
i+y  of  the  dispersion  measurements  which  can  be  achieved. 

2.  Conventional  Measurements  of  Attenuation 

This  program  began  by  utilizing  the  convent ioanl  measurement  techniques 
to  determine  the  frequency-dependent  attenuation  in  composite  specimens. 

In  the  second  year,  such  measurements  were  made  in  the  32  ply-0/90°  cross- 
plied  specimens  of  graphite /epoxy .  The  techniques  which  have  b^en  used  for 


Table  1  -  Longitudinal  Phv:*  7e!':c*v/  ‘n  32-ply  Grapni te/Epoxy 
(AS3501-5)  0/90°  cross-plied 

Phase  velocity  polynomial,  c(f)  : 
c(f)  =  c0  +  Cjf  +  c2f2 


Spec i men 
Number 

Co 

c  1 

C  2 

IP 

0.2850643 

0.0035786 

-0.0001 1 67 

ipi 

0.2970861 

0.0025584 

-0.0000792 

2P 

0.2957520 

0.0026031 

-0.0000832 

2P1 

0.2934446 

0.0027297 

-0.0000864 

3PI 

0.2918476 

0.0030310 

-0.0000959 

4P 

0.2941632 

0.0025928 

-0.0000301 

5P1 

0.2895339 

0.0032158 

-0.0001 1 56 

5P2 

0.2937272 

0.0030645 

-0.0001072 

5P3 

0.2950088 

0.0029550 

-0.0001027 

7P1 

0.2882639 

0.0032913 

-0.0001 114 

7P2 

0.2886748 

0.0031782 

-0.0001087 

8P1 

0.2888710 

0.0035110 

-0.0001218 

4  PI 

0.2937630 

0.0027102 

-0.0000845 
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the  broadband  paLst.‘-*'eho  method ,  ruL::-'  :’l  - e  ;>iun  usurer:  onus  ur.  :  \h-..- 

it  esn^o tally  suitable  for  frequency-dependent  attenuation  measurements  in 
highly  absorrt  1.  vo  materials  such  as  comnosi  tea  .  Also,  the  lass— mention*-*  : 
technique  was  implemented  in  this  year.  Details  of  these  two  techniques 
are  described  more  fully  in  Section  III. 

Conventional  attenuation  measurement  techniques  were  describe d  in  the 
last  annual  report,  and  are  contained  in  the  followinr  paper  vhi ch  vac  ir.vi 
by  the  Canadian  National  Research  Council  at  a  recent  seminar: 

W.  2 a case,  "Dispersion  of  Ultrasonic  Waves:  Acoustic  Emission  Measure¬ 
ment:.;  an  1  Ultrasonic  Comnosite  Materials  Characterization” ,  Proceedings 
of  the  First  Seminar  on  Advanced  Ultrasonic  Technology,  G.  Begin,  ed., 
National  Rosceirc  h  Council  (Canada),  Montreal  (1980,  in  press).  ( Ref  ere 
The  results  obtained  with  the  r.f.  burst  and  broadband  attenuation  meas¬ 
urements  (us  with  the  other  techniques)  are  difficult  to  compare  quantita¬ 
tively  unless  f!w  frequency-dependent  attenuation  curve  is  fit  to  a  polyr.om 
function.  For  our  comparisons,  we  fit  a  second-order  polynomial  in  the  lea 
squares  sense  to  the  data  in  a  selected  frequency  interval  and  compare  the 
resulting  polynomial  coefficients.  It  should  be  also  possible  to  compute  u 
epe jimen * s  resonance  spectrum,  and  with  the  inverse  Fourier-t ran s form,  the 
tim*'1  signals  expected  for  a  one-dimensional  specimen  and  testing  geometry, 
which  approximates  our  testing  configuration.  These  results  can  then  be  ad 
justfvj  interactively  for  a  best  fit  to  the  original  spectrum  or  time  wave¬ 
form.  This  new  test  procedure  has  not  yet  been  implemented  but  we  shall  is 
s~>  in  the  third  year  of  this  urogram.  Quantitative  comparisons  with  the 
polynomial  coefficients  between  the  above-mentioned  attenuation  measurement 
techniques  and  the  newly-developed  techniques  is  given  in  the  ne>rt  Section. 
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13  MEASUREMENTS 
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>HASE  VELOCITY  -  CURVE  FIT  [13  TESTS } 


0.0  5.0  10.0  15. 0  20.  0 
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2  -  Phase  velocity  determination  in  graph i te-epoxy .  (a)  Results 

obtained  from  measurements  of  8  specimens  (13  tests).  (b)  Average 
of  all  measurements  shown  in  (a)  and  the  1 eas t -squa res  fit  poly¬ 
nomial  function  to  the  phase  velocity  data  between  1  and  20  MHz. 
Note  the  expanded  vertical,  phase  velocity  scale  in  (b). 


x  =  ( K+Ug/3) c  +  ( H  n/ 3 ) c 


e  =  9u/3x 


.2) 


When  such  a  specimen  is  driven  by  a  harmonic  force  with  frequency  gj. 


f(t)  =  F  e 
o 


i(i)t 


the  steady- state  motion  is  riven  by 
u( X, t )  =  l 


-i(2/£)F  cor.k  x 
o  n 


ia)t 


(3.- ) 


( W3)wkC+i[pu>MK+)jr./3)  ]k“ 

n  n 


where  l  is  the  thickness  of  the  specimen,  and  z  ,  0^  are  constants. 

From  this  solution  one  can  calculate  the  power  resonance  curves  for  each.  ' 
mole,  correspond! nr,  to  each  k  ,  and  from  these  curves,  one  finds  for  tb 
attenuation  coefficient  (w=27rf). 


Q 


vh^re  W  represents  the  power  level  at  which  the  bard  width  specified  by 
frenueneies  f,  and  f^  is  measured,  and  W  is  the  peak  never  l^vc-1 
(see  Fig,  3).  The  quantity  c(f)  represents  the  measured  phase  velocity 
value  at  the  resonant  frequency. 

Figure  3  shows  sehenetically  a  resonance  curve  with  multiple  modes. 

By  analysing  different  resonances,  the  material  damning  is  determined  as  a 
function  of  frequency. 

The  application  of  this  technique  to  make  attenuation  measurements  in 
AS 3501—5  0/90°  cross-plied  specimens  is  shown  in  Figure  U.  In  Figure  ^(a) 
is  the  specimen  resonance  curve  from  which  the  transducer  and  electronics 
effects  have  been  deconvolved.  In  Figure  Mb)  are  the  attenuation  valuer, 
determined  from  a  detailed  analysis  of  the  peak  width  as  a  function  of  frae 
tional  peak  height  for  three  of  the  resonance  peaks  indicated  ?In  (a).  The 
results  show  that  for  each  resonance  peak  a  distinct  attenuation  value  can 
be  found  regardless  of  the  power  level  at  which  the  peak  width  is  measure 1. 
When  each  of  the  resonance  peaks  in  (a)  is  analysed  in  this  way,  the  atten¬ 
uation  is  found  as  a  function  of  frequency,  as  shown  in  Figure  Mo).  Detail 
of  this  investigation  will  be  given  in  the  report: 

P,  Chen,  W.  Cachse  and  Y.H.  Pao,  "Analysis  of  Continuous-wave  Resonance 

Cp/octra  for  Attenuation  Measurements"  (in  preparation ) . 


Figure  3 


a  a¬ 


x  =  Q  x=  t 


-  Implementation  of  the  new  con t i nuous-wave  resonance  method 
for  attenuation  measurements  in  highly  absorptive  composite 
materials.  (a)  Testing  configuration;  S  -  source,  R  - 
(b)  Data  reduction  from  the  measured  resonance  curve. 
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at tonvv.it ion  war  develop'd  in  the  f  1 rr.4*  y* -ir  of  this  r r 

year  has  seen  its  implementation  to  attenuation  measurements  in  “v-sly 
err  aoh  i  t  e  /  o  r  o xy  snocincns.  The  technique  is  based  on  the  Kramers— ?Cron L ~  re¬ 
lation  relating  the  real  (phase  velocity)  and  imaginary  parts  ( attenuat:  cr. ) 
of  the  complex  wave  number  of  a  material.  That  is,  the  f re queue y-  d ^ p n c 
attenuation  is  related  to  the  phase  velocity  by  a  pair  of  Hilbert  transfer:*.:' 


n  (g) ) 
w 


/ct\  1  r°°  r  1  _  J_i  dr 

'  0) '  00  V  C  (  )  C  J  £-(0 

CO 


which  can  be  rewritten  as 


a(cj)  =  Aco  +  —  cu^f  f^TTT  ~ 

it  ;  o  cU)  c 


dC 


o  o 


(?.- 


where  A  =  (a/u))^.  Appearing  in  this  equation  is  the  phase  velocity,  c(*j), 
which  is  measured  by  the  ultrasonic  phase  spectroscopy  technique. 

While  applying  this  formula  to  the  measurement  of  a(a>)  of  real  materi¬ 
als,  we  soon  encountered  difficulty.  In  the  integral  formula  Eq.  (3.8),  the 
constant  A  can  are  the  asymptotic  values  of  a(w)/w  and  c(w)  re¬ 

spectively  as  cu  -*  00 .  They  can  presumably  be  estimated  from  a  theoretic  si 
model,  or  data  of  other  experiments.  The  function  c(w)  in  the  integrand, 
however,  must  be  supplied  from  the  measurements  of  phase  velocity  over  the 
entire  range  of  frequencies  0  a>  <_  ».  This  can  never  be  achieved  in  actual 


experiments . 

To  alleviate  this  difficulty,  we  break  the  interval  of  integration  into 
two  parts  by  selecting  an  intermediate  frequency,  Thus  the  formula 

(3.8)  is  changed  to 


-  n  - 


otfu)  1  =  Au)  +  —  fu 

Tt 


(f  \r  )r_TLT.  _  _L}  _Ji_ 

Jui  clfj  C  rA  d 


The  first  internal  is  evaluate  i  riurner  [rally  bribed  on  actual  mo-j :r 
c  (  oj  )  ,  0  _<  &  <  o)^;  and  the  second  integral  for  t,  >  is  evalu1 

tically  for  an  assumed  function  of  c ( a) ) . 

As  a  first  approximation,  we  assumed 


:(C)  =  aC  +  b  ,  K  > 


where  a  and  b  are  two  constants  which  can  be  determined  by  fitting  a 
straight  line  to  the  experimental  data  in  the  range  w  >  w  .  This  procedure 
is  tested  against  the  theoretical  model  of  the  Voigt  body  for  which  exact  ex¬ 
pressions  for  both  a((i>)  and  c(u))  are  known  (see  Interim  Report,  1979'  •  Th 
results  are  shown  in  Figure  5  for  cq  -  0.25  cm/ys,  t  =  1  sec.  ^  ,  where 

c2  =  (K  +  ~  G)/p  and  t2  =  (3KA+G)/n. 
o  3 

Figure  5(a)  shows  the  theoretical  phase  velocity  curve  c(f)  of  a  Voigt 

solid  where  the  vertical  scale  for  c(f)  is  greatly  amplified  to  exhibit 

the  dispersion.  Ve  chose  f  =  us  /27r  =  20,  30,  U0,  50  MHz,  and  reel  ace 

h  N 

the  e(f)  curve  beyond  by  a  straight  line  according  to  Eq.  (3.10). 

The  curves  for  a(f)  as  calculated  by  formula  (3.9)  are  shown  in  Figure 

5(b).  V/e  find  Ms  at.  oven  the  curve  labeled  bv  f*  =  50  differs  from 

n 

the  exact  theoretical  value.  The  curve  labeled  by  f^  -  20  deviates  from  the 
£**,==  50  curve  at  high  frequencies,  but  agrees  closely  when  f  <  f,T. 

H  i'i 

As  can  be  seen  from  this  example,  the  accuracy  of  calculated  a(o>)  de¬ 
pends  on  the  range  of  measureable  c(w),  the  choice  of  and  the  selec¬ 

tion  of  a  function  representing  the  c(u)  for  u>  >  u>^.  Details  will  be 


given  in  the  following  report: 


-  In 


Y.:i.  A .  N .  u  uni  1.  *.A  -n  v  •:*,  "  > v  *  rm :  ri*t i  >?i  n:*  ,V.V.-r; 

Coo!’  r'iclnn’  From  the  Disrersi  :i  Iv.-'i  a:,  i  .'inM  i  i  11  i.r»  qurnti 

It  choul  i  :ier.;-d  that  ul  li/.'i *:.«•  n  for  non  t !  U.*:  :  .vy-th-'-  :  vor-v  v--'  ;  *V:" 
an  ideal  Voigt  viscoolas  tie  material,  our  work  with  waveform;  and  disrer.* :  ^  r: 
relations  Treasured  in  actual  oomp'v;  \  to  sn*‘<*i  mens  ha.:  no!  a  red  t  o  son' •  1  rd.-r^r.t 
difficulties.  The  calculated  attenuation  coefficient::  varied  vilely  a:: 
result  of  the  choice  of  the  particular  point,  f.j,  at  which  the  nirh-iV-'-cu^:.  :•/ 
extrapolation  begins.  The  final  results  are  also  sensitive  to  the  number 
of  points  chosen  as  the  basis  for  the  straight  line  extrapolation. 

An  example  of  the  results  that  can  be  obtained  with  the  Krarners-Kroni g 
relation  is  shown  in  Figure  6  for  the  frequency-dependent  attenuation  of 
longitudinal  waves  in  3?~Ply  graphite /epoxy.  In  this  example,  the  phase 
velocity  data  for  frequencies  above  6  MHz  was  extrapolated  to  fit  a  straight 
line.  This  result  differs  significantly  *‘ro:n  that  measured  by  other  techniques. 
Details  will  be  given  in  the  following  report: 

P.  Chen  and  V.  Sachse,  "Broadband  Ultrasonic  Attenuation  Measurement s 

in  Composite  Materials"  (in  preparation). 

IV.  DETECTION  OF  DEFORMATION-INDUCED  MI CR 03TRUCTURAL  CHANGED 

Experiments  were  begun  this  year  to  evaluate  the  various  frequency- 
dependent  velocity  and  attenuation  measurement  techniques  for  use  as  an  early 
indicator  of  miorostructural  changes  in  composite  specimens  under  anpli^d 
load.  Attenuation  measurements  using  the  broadband  pulse  technique  vero  r  lo 
in  3P-r)ly  specimens  of  AS 3501  while  loaded  to  failure.  An  example  with  longi¬ 
tudinal  waves  is  shown  in  Figure  7. 
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Figure  7  *  Measurement  of  deformat  ion- i nduced  attenuation  changes 
in  graphite-epoxy.  The  solid  lines  represent  data 
measured  by  the  conventional  broadband  ultrasonic  tech¬ 
nique,  the  data  points  were  obtained  from  the  new 
continuous-wave  resonance  technique  at  zero  load. 
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roinl  1  v*..’ i y  :v:/*an‘  vdvui  load'd  \-j  near  r* ill  ur*‘-.  Furth*  *"rr:  r**,  Vim*  *  :v-  -y 

der< -ndvnco  or'  *; : : t v  attenuut  Ion  measur'-d  in  on  unload*..**.!  pec  i mo : .  ;  s  v^r;-  r : :•  liar 
to  that  under  loads  of  up  to  3.0  Kp  (22.1  ksi;  152.3  ;  than  is,  it  in¬ 

creases  only  slightly  between  1  and  10  MHz.  The  specimens  in  thosi.-  test.: 
were  notched  and  began  to  fail  at  3.1  Kp  (l8Ji  ksi;  127.0  MPa).  The  atten¬ 
uation  as  determined  in  a  linear  least  squares  sense  is  3.C08  nr/:::.  Tr:  ad¬ 
dition,  the  attenuation  values  determined  from  analysis  of  the  cent insou: - 
wave  resonance  curve  of  the  unloaded  specimen  are  shown  as  data  taints  in  the 
~'>igure .  These  are  in  close  agreement  with  the  broadband  stter.vat  1  cn  men;-  a  re- 
nent  results  between  3  and  8  MHz.  The  high  values  attenuation  let  ermine  i 
for  peaks  above  8  MHz  anpear  to  be  the  result  of  ultrasonic  sirnal-to-r.ci  =  •= 
limitations.  At  these  frequencies  in  this  test,  the  resonance  peaks  are  less 
than  3  db  above  the  minima.  The  reason  for  the  large  attenuation  values 
below  3  MHz  is  not  clear 

Additional  measurements  with  other  specimen  materials  and  with  other 
wave  modes  are  still  in  progress.  Results  will  be  reported  before  the  er. i 
of  this  project.  A  tentative  title  of  the  report  will  be: 

W.  Sachse  and  P.  Chen,  "Ultrasonic  Measurement  of  Po format 3 on-induced 

Microstructurai  Changes  in  Composite  Materials”. 

V.  MATHEMATICAL  FOUIIDATT OTT  OF  THE  KPAMIRF-KRONIC  RELATION 

It  was  mentioned  in  the  Interim  Report  1^79  that  the  Kraner-nroni m  re¬ 
lation,  unon  which  the  Eq.  (3.0)  was  based,  was  a  conseauence  of  causality 
and  homogeneity,  and  whct.lv.* r  such  a  relation  existed  for  inhomogeneous  ma¬ 
terials,  such  as  fiber-ccrnnosit.cs,  remained  to  be  investigated.  This  inves¬ 
tigation  was  completed  and  reported  in  the  following  paper: 
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yai.ion  in  Homogeneous  and  rnhomoroneous  Media.  ,  an  i  '“t:1  I  rj  J.  Mat:. 


» r  ^  vh : .  • ) :  v > s  c ork p  1  o  t » ■* •.]  i  n  A p r  i.  1  ,  1  o  H  0 ,  a n d  sen  I-,  t o  D  r .  0 .  Fall  n  ^ 


•f*r\  ».  T'oi'l',1  a  ,*«■>■<  *  n  p  *■«  1  Ol  1  r‘»m  ''j  *1  Q  P  +Uj  T-*  PiyC- r* . 


loan  Inst i  tu4"  e  of  Fhysios  in  July.  A  sum: miry  oT  the  paper  in  riven  be. I ov. 

A  plane  harmonic  wave  rroraratinr  uni  directionally  in  +  z  axis  is  ror.ro- 


For  a  homorouoou  :  :•/:*  d i urn ,  the  wave  number  K(cj)  is  a  well  defined  quantity , 
and  the  real  r  an4,  H )  and  the  i mar i nary  part  (Tin  K)  of  K(w)  define 


res nec lively  f ; . * 


vr-  ]  or*  i  t  y  c  ( to )  and  at  t  enuat  i  on  const  ant  a  ( w )  > 


,/  r:v.  y(,.)} 


a(u)  =  Tn  K ( y ) 


(5-3) 


For  an  inhomor/'noou.'  medium,  the  K(w)  is  the  wave  number  for  the  statis¬ 
tically  average  wave  field  in  the  medium,  and  A(w)  is  the  amplitude  of  the 
coherent  part  of  the  wave. 

A  the*  or  on  of  the  theory  of  conrol  ex  variables  states  that  if  the  function 
is  analy*  i  in  the  upper  half  of  the  complex  w-plnne  and  if  -  c(w) 
as  ui  ->  oo  is  bounded,  the  Tm  K  and  He  K  are  related  by  a  pair  of  Hilbert 
transforms.  The  a(<d)  is  then  related  to  c(u>)  as  shown  in  Eq.  (3.7), 
which  is  known  as  the  Km  mo  r  s-K  ran  i  y  relation  in  solid  state  physics. 


Copy  attached  to  this  report. 
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th-'  ana ! y *:  i  .'i  r y  of  K(u))  in  th>-  u:  per  half  m-r.  i  nr.*.* ,  arid  v.-r  *  '  - 

;o:ioju.’  1  ii  so  Ion"  a::  tb.-'  moiium  ir  linear,  e ' vur  a  1  ,  nr/}  receive. 

The  rigorous  proof  a/  -riven  in  thin  on  nor  renoven  my  doubt  no  to  vhe 
tine  Ultimo  rs-Kron: r  formula  can  be  applied  to  composite  materials.  The  ;i 
culty  of  applying  it  to  composite  materials  as  mentioned  in  Section  III-! 
is  then  solely  attribute!  to  measurement  uncertainty,  arm!  the  h are:- limit/ 
nouour e d  v a  1 ; ; e /  for  c  ( uj ) . 

VI .  GUM! ARY 

In  the  second  year  of  the  research  program,  doalinr  with  ultrasonic  me 
ments  of  composite  materials,  additional  wave  dispersion  and  fro quency- 
dependent  att enaction  measurements  wore  made  in  or aphite /epoxy  materials. 
The  results  of  the  dispersion  measurements  are  in  agreement  with  earlier 
measurement/;  made  on  si  m liar  materials .  For  quantitative  comparisons  of  d 
per  cion  arid  attenuation  data,  least  square- fit  algorithms  were  implement-? 
into  the  ultrasonic  sirn.nl  process!  nr  system  for  fitting  polynomial  voice 
and  attenuation  functions  to  the  measured  data  points.  Reproducible  me a s 
ments  in  rrap/.i te/epoxy  have  been  obtained. 

Tv/o  new  frequency-dependent.  attenuation  measurement  techniques  were  d 
velorie.i  for  composite  materials.  One  is  a  continuous-wave  resonance  mens 
merit  technics-*  in  which  the  resonance  peaks  of  a  specimen  are  analysed  at 
various  power  levels.  The  other  utilises  the  Framer s-Kronir  relation  tc 
the  material  attenuation  from  measurements  or  the  dispersion,  or  vice  v/r 


